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IL-9— mediated survival of type 2 innate 
lymphoid cells promotes damage control 
in helminth-induced lung inflammation 
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IL-9 fate reporter mice established type 2 innate lymphoid cells (ILC2s) as major produc- 
ers of this cytokine in vivo. Here we focus on the role of IL-9 and ILC2s during the lung 
stage of infection with Nippostrongylus brasiliensis, which results in substantial tissue 
damage. IL-9 receptor (IL-9R)-deficient mice displayed reduced numbers of ILC2s in the 
lung after infection, resulting in impaired IL-5, IL-13, and amphiregulin levels, despite 
undiminished numbers of Th2 cells. As a consequence, the restoration of tissue integrity 
and lung function was strongly impaired in the absence of IL-9 signaling. ILC2s, in con- 
trast to Th2 cells, expressed high levels of the IL-9R, and IL-9 signaling was crucial for 
the survival of activated ILC2s in vitro. Furthermore, ILC2s in the lungs of infected mice 
required the IL-9R to up-regulate the antiapoptotic protein BCL-3 in vivo. This highlights 
a unique role for IL-9 as an autocrine amplifier of ILC2 function, promoting tissue repair 
in the recovery phase after helminth-induced lung inflammation. 



The cytokine IL-9 was discovered more than 
20 yr ago and described as a T cell and mast 
cell growth factor produced by T cell clones 
(Uyttenhove et al., 1988; Hiiltner et al, 1989; 
Schmitt et al., 1989). Subsequently, IL-9 was 
shown to promote the survival of a variety of 
different cell types in addition to T cells (Hiiltner 
et al, 1990; Gounni et al, 2000; Fontaine et al, 
2008; Elyaman et al., 2009). Until recently Th2 
cells were thought to be the dominant source 
of IL-9 and the function of IL-9 was mainly 
studied in the context of Th2 type responses in 
airway inflammation and helminth infections 
(Godfraind et al, 1998;Townsend et al, 2000; 
McMillan et al., 2002;Temann et al., 2002). 
IL-9 blocking antibodies were shown to ame- 
liorate lung inflammation (Cheng et al., 2002; 
Kearley et al., 201 1) and are currently in clinical 
trials for the treatment of patients with asthma 
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(Parker et al., 2011). The paradigm that Th2 
cells are the dominant source of IL-9 was chal- 
lenged when it became apparent that naive 
CD4^T cells cultured in the presence of TGF-(3 
and IL-4 initiate high IL-9 expression without 
coexpression of IL-4, suggesting the existence 
of a dedicated subset of IL-9— producing T cells 
(Dardalhon et al, 2008; Veldhoen et al., 2008; 
Angkasekwinai et al., 2010; Chang et al., 2010; 
Staudt et al., 2010). Subsequently, the genera- 
tion of an IL-9— specific reporter mouse strain 
enabled the study of IL-9— producing cell types 
in vivo and revealed that in a model of lung 
inflammation IL-9 is produced by innate lym- 
phoid cells (ILCs) and notT cells (WUhehTi et al., 
2011). IL-9 production in ILCs was transient 
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but important for the maintenance of IL-5 and IL-13 in 
ILCs. Such type 2 cytokine-producing ILCs (ILC2s; Spits 
and Di Santo, 2011) were first described as a population of 
IL-5— and IL-13— producing non-B/non-T cells (Fort et al., 
2001; Hurst et al, 2002; Fallon et al, 2006;Voehrmger et al, 
2006) and later shown to play a role in helminth infection 
via IL-13 expression (Moro et al, 2010; NeiU et al, 2010; 
Price et al., 2010; Saenz et al., 2010). In addition, important 
functions were ascribed to such cells in the context of influ- 
enza infection (Chang et al., 201 1 ; Monticelli et al., 201 1) and 
airway hyperactivity in mice (Barlow et al., 2012) and humans 
(Mjosberg et al., 2011). However, although the contribution 
of ILC2s to host immunity against helminths in the gut is well 
established (Moro et al., 2010; Neill et al, 2010; Price et al, 
2010; Saenz et al., 2010), the function of ILC2s in helminth- 
related immune responses in the lung remains unknown. 
ILC2s are marked by expression of the IL-33R (Moro et al., 
2010; Neill et al, 2010; Price et al., 2010), as well as the com- 
mon 7 chain {y^) cytokine receptors for IL-2 and IL-7 (Moro 
et al., 2010; NeiU et al., 2010). Interestingly, gene expression 
array analyses have demonstrated that the receptor for IL-9, 
another member of the 7^ receptor family, is also expressed in 
ILC2s and diflierentiates them from Th2 cells (Price et al., 
2010) and ROR-7t+ ILCs (Hoyler et al, 2012). However, the 
function of IL-9R expression for ILC2 biology has not been 
addressed so far. 

Here we show that the production of IL-5, IL-13, and 
amphiregulin during infection with Nippostrongylus brasilknsis 
in the lung depends on ILC2s and their expression of IL-9R. 
The ability to signal via the IL-9R was crucial for the sur- 
vival of ILC2s, but not Th2 cells. The absence of IL-9 sig- 
naling in IL-9R— deficient mice resulted in reduced lung 
ILC2 numbers and, consequently, diminished repair of lung 
damage in the chronic phase after helminth-induced lung in- 
jury despite the presence of an intact Th2 cell response.Thus, 
we identify IL-9 as a crucial autocrine amplifier of ILC2 
function and survival. 

RESULTS 

IL-9 expression in the lung during N. brasiliensis infection 

The larval stage of N. brasiliensis travels from the skin to the 
lung, where it exerts substantial tissue damage before reach- 
ing the gut where a protective immune response leads to 
worm expulsion in immunocompetent mice (Caniberis 
et al., 2003; Harvie et al., 2010). Although IL-9-deficient 
mice on a mixed background display unimpaired TV. brasil- 
iensis expulsion, an involvement of IL-9 in helminth-induced 
lung inflammation was not addressed (Townsend et al., 
2000). To visualize IL-9 expression, we bred IL9'- " mice 
with reporter mice, expressing enhanced YFP (eYFP) under 
the control of the endogenous Rosa 26 promoter (termed 
R26R''^^'). In this mouse strain, termed IL9^-"R26R'"^^'\ the 
fluorescent reporter will permanently label cells that had ex- 
pressed the IL-9 gene irrespective of the current production 
of this cytokine (Wilhelm et al., 2011). To address the kinetics 
of IL-9 expression in the lungs, we infected IL9'^"R26Rf''^^ 



reporter mice with L3 stage larvae of N. brasiliensis by sub- 
cutaneous injection. IL-9 expression, as monitored by eYFP 
expression, was dominant in the late stage after N. brasilien- 
sis infection at a time the helminth larvae had left the lung 
and were expelled from the gut (day 12; Fig. 1 A; Harvie 
et al., 2010). IL-9— expressing cells, which were exclusively 
Thyl.2^, could be recovered from the lung tissue but were 
very rare in the draining LNs (Fig. 1, A— C). Although pro- 
tein expression of IL-9 was maximal around day 9 and had 
waned after 12 d (Fig. 1 D), cells that had once expressed 
IL-9 were still detectable in the lung at day 20 after the 
infection (Fig. 1, A and B). Throughout the time course 
of the infection, the vast majority of the Thyl.2^ IL-9— 
expressing cells were lineage-negative, non-T cells, thus 
pinpointing ILCs as the major source of IL-9 (Fig. 1, E— G). 
To address the question of whether IL-9— expressing T cells, 
although low in numbers as compared with the IL-9— 
expressing ILCs, might contribute significantly to total IL-9 
production in the lung of N. brasiliensis— inkcteA mice, we 
compared 119 niRNA expression in eYFP"*" T cells and 
eYFP+ ILCs sorted from the same IL9^'"R26R'^^'' reporter 
mice at day 12 of the infection (Fig. 1 H). In these paired 
samples, eYFP* ILCs showed higher levels of 119 niRNA 
transcripts than eYFP* T cells, suggesting that IL-9— expressing 
ILCs not only outnumber IL-9— expressing T cells, but also 
express more IL-9 on a cellular level. 

Further analysis confirmed that eYFP*Thyl.2*Lin^ 
cells were marked by the surface expression of CD25, IL-7Ra 
(CD 127), IL-33R (T1/ST2), ICOS (inducible T cell co- 
stimulator), c-Kit (tyrosine protein kinase kit), Sca-1 (stem 
cell antigen-1) and the production of high amounts of IL-13 
and IL-5, but little IL-4, IL-17A, or IFN-7 (not depicted). 
Furthermore, eYFP^Thyl .2''"Lin~ cells sorted from the lungs 
of infected mice expressed high levels of the ILC2-related 
transcription factors Rora {retinoid acid receptor— related orphan 
receptor a; Wong et al., 2012) and Gata3 (Hoyler et al., 2012; 
Liang et al., 2012) but showed no expression of Rorc (not 
depicted), a transcription factor of IL-17A— and IL-22— 
producing ILCs (Spits and Di Santo, 20 11). Thus, ILC2s rep- 
resent the dominant IL-9— producing cell type in the lung 
during infection with N. brasiliensis. 

ILC2 accumulation in the lung tissue 
depends on IL-9R signaling 

High expression of the IL-9R on ILC2s residing in the gut- 
associated lymphoid tissue has been described previously (Price 
et al., 2010; Hoyler et al., 2012). To address whether lung ILCs 
have the propensity to respond to IL-9, we assessed IL-9R ex- 
pression of the total Thy 1.2"'"Lin^ ILC population in the lung. 
Indeed, ILCs from naive and JV. brasiliensis— infected mice dis- 
played high levels of Il9r niRNA expression, much higher 
than CD4* T cells isolated fi-om the same animals (Fig. 2 A). 

To investigate the functional role of the IL-9R in the con- 
text of helminth-induced lung injury, we infected C57BL/ 6 
WT and C57BL/6 IL-9R-deficient {Il9r-'-) mice with 
N. brasiliensis. hi previously described (Price et al., 2010), we 
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Figure 1 . IL-9 expression in the lung during N. brasiliensis infection. (A) Flow cytometry of lung and MDLN cells from IL9'~"^R26R'^^'''' mice at 
days 2, 6, 12, and 20 after N. brasiliensis infection as well as from naive //9'^^^fi26/?^^'''' controls. Plots are gated for CD45+ lymphoid cells. Numbers repre- 
sent percentage of eYFP+Thy1.2+ cells of total cells gated. (B and C) Absolute numbers of eYFP+Thyl.2+ cells in lungs (B) and MDLNs (C) at the respective 
time points [n = 3-4 per time point; **, P < 0.01 ; ***, P < 0.001). (D) IL-9 protein concentration in the lungs of N. bras/7/ens/s-infected WT mice and in 
naive controls (day 0; /?> 4 per time point;*, P< 0.05;**, P < 0.01). (E) Flow cytometry of lung cells from /i.9'^'^/?26R^''"' mice stained for CD45,Thy1.2, 
CD4, and lineage markers (Lin, including CDS, CD4, CDS, CDIIb, CDllc, CD19, CD49b, TCR-p, TCR--/, NK1.1, GR-1, and Ter119) at day 12 after N. brasil- 
iensis infection. Plots are gated for CD45+Thy1.2+ lymphoid cells, and numbers indicate the percentage of cells in each quadrant. (F) Ratio of eYFP+ ILCs 
and eYFP+CD4+ T cells at various time points after the infection (n = 3-4 per time point). (G) Absolute number of eYFP+ ILCs and eYFP+CD4+ T cells in 
lungs and MDLNs of I L9'^'^ R26R^'^'''' m\ce at day 12 after N. faras;7/ens/s infection [n = 4 per group;**, P = 0.003 vs. lung CD4). (H) Quantitative RT-PCR 
analysis of 119 transcripts in eYFP+ ILCs and eYFP+CD4+ T cells, sorted by flow cytometry, from the lungs of ILS'^'^RIGR'^''^^ mice at day 12 of A/, brasiliensis 
infection [n = 3). Paired samples sorted from the same mice are connected with a line. mRNA expression was normalized to Hprtl (encoding hypoxan- 
thine guanine phosphoribosyltransferase). Data represent two independent experiments with similar results. Bars show mean values ± SEM. 



observed an increase of total Lin^Thyl.2"'' ILCs, which 
were homogeneously marked by expression ofThyl.2, in the 
lung tissue from day 6 on after N. brasiliensis infection (Fig. 2, 
B and C). In Il9r^'^ mice, we observed a significant reduc- 
tion of ILC numbers at days 9 and 12 after the infection, as 
compared with their WT counterparts, that was confined to 
the lung and not observed in the draining mediastinal LNs 
(MDLNs; Fig. 2, B and C; and not depicted). Importantly, the 
absolute numbers of CD4^T cells in the lung were similar in 
Il9r~'^ andWT mice throughout the time course of the in- 
fection (Fig. 2 C).The increase in CD4'*"T cell numbers in the 
MDLNs was comparable in Il9r~'~ mice andWT mice be- 
tween days 2 and 9 and significantly higher in Il9r^'^ mice at 
day 12 (not depicted). 



Next, we wanted to address whether the observed re- 
duction of the total ILC population was caused by a specific 
reduction of ILC2s. Flow cytometric analysis of the ILC 
lineage-defining transcription factors GATA3 and ROR-7t 
in the Thyl.2^Lin^ ILC population revealed that after 
N. brasiliensis infection the vast majority (>80%) in the lung 
were GATA3''' ILC2s, whereas ROR-"yt^ ILC3s represented 
only a minor fraction (Fig. 2 D). Importantly, absence of the 
IL-9R resulted in a specific reduction of the GATAS**" ILC2s 
in the lung, whereas the small ROR-^t^ ILC3 population re- 
mained unchanged (Fig. 2, D and E). 

The expression of IL-9R has been described on ILC2 
precursors in the bone marrow and ILC2s in the lamina pro- 
pria of the intestine of naive mice (Hoyler et al., 2012), and 



JEMVol. 210, No. 13 



2953 



JEM 



ILC, naive 
CD4*, naive 
ILC, d12 
CD4*,d12 



Lung 




0 20 40 60 80 100 
;/9r mRNA (xlOOO) [relabveto Hprti] 

d12 ( 

WT Il9ri- ' 




50- 
40- 
30- 
20- 
10- 
0- 



■ WT 

□ ;/9r'- 



in*nl 



Con d2 d6 d9 d12 



400n 
f fsoo- 

200- 
Q E 100- 



o 



0- 



li 



n d12, Lin-Tlny1.2+ 

WT Il9r'- 



Con d2 d6 d9 d12 
40n ** 



< 
I- 

< 0 



85.6±2.3 




1.3±0.3 



52. 5±4.4 

IZ3n 



24.7±4.6 



83.3±2.6 



3.0±0.6 



44.4±5.9 



18.5±4.1 



5 20- 
10- 
0 



I 



Lung MDLN 



„ 0.6-1 

y°|°-^- in 1 

£ o.o-I^J-l — 



Lung MDLN 



ROR-yt 



Figure 2. ILC2 accumulation in the lung tissue depends on IL-9R 
signaling. (A) Quantitative RT-PCR analysis of //9r transcripts in 
Thy1.2+Lin" ILCs and CD4+ T cells, sorted by flow cytometry, from the 
lungs of naive WT mice and WT mice at day 12 of W. brasiliensis infec- 
tion {n = 3). mRNA expression was normalized to Hprti (encoding hy- 
poxanthine guanine phosphoribosyltransferase). (B) Flow cytometry 
plots of lung and MDLN cells from WT and Il9r^^ mice at day 12 after 
N. 5ras/7/ens/s infection gated on CD45+ lymphoid cells. Numbers represent 
the percentage of Thy1.2+Lin" ILCs of total cells gated [n = 7-8 per group; 
mean value ± SEM). (C) Absolute numbers of ILCs and CD4+ T cells 
in lungs of WT and ilSrl^ mice at days 2-12 after the infection and in 
uninfected controls (Con; n > 3 per group; *, P < 0.05; ***, P < 0.001). 
(D) Flow cytometry plots of lung and MDLN cells from WT and //Sr'" 
mice at day 12 after N. brasiliensis infection stained for surface markers 
and intranuclear GATA3 and R0R-7t and gated on Thy1.2+Lin" ILCs. 
Numbers represent the percentage of transcription factor-positive ILCs 
of total cells gated [n = 7 per group; mean value ± SEM). (E) Absolute 
number of GATA3+ and ROR-"yt+ ILCs in lungs and MDLNs of WT and 
Il9r'- mice at day 12 of the infection (**, P = 0.001). Data in B-E are 
pooled from two independent experiments with similar results. Bars 
show mean values ± SEM. 



we observed IL-9R expression in lung ILC2s of naive mice 
(Fig. 2 A), raising the question of whether this receptor is re- 
quired for ILC2 maintenance in steady-state. However, the 
analysis of Sca-l''"GATA3^Lin^ cells in the lung, small intes- 
tine, and bone marrow of naive WT and Il9r'''^ mice revealed 



similar numbers of these ILC2/ILC2 precursor populations 
(not depicted), indicating that the IL-9R is dispensable for 
ILC2 maintenance in the steady-state. 

Cytokine production by ILC2s in the lung 
depends on IL-9R signaling on hematopoietic cells 

To investigate the role of IL-9R expression for the function 
of ILC2 in the lung, we assessed the production of their 
hallmark cytokines IL-5 and IL-13 in Il9r~'~ mice at day 12 
after N. hrasiliensis infection. The percentages and absolute 
numbers of IL-5— and IL-13— producing ILC2s were strongly 
reduced in the lung of helminth-infected 7/9r^^~ mice at 
days 6—12, whereas the IL-4, IL-5, and IL-13 production by 
004"*" T cells was largely uncompromised, with only a minor 
decrease of IL-5^ T cells at day 9 (Fig. 3, A and B). Although 
CD4* T cells outnumbered ILC2s in the lung of Il9r~'~ 
mice, protein levels of IL-5 and IL-13 in the lung were (sig- 
nificantly) reduced at days 6, 9, and 12 after the infection 
(Fig. 3 C). In contrast, IL-4 production was unchanged dur- 



ig the 



of N. brasiliensis infection in Il9r 



(Fig. 3 C), further indicating that the Th2 cell response was 
not affected by the absence of IL-9R signaling. Furthermore, 
numbers of the other T helper cell subsets, 78 T, NK, and 
CD8^ T cells, remained unchanged in the lungs of Il9r~^~ 
mice (not depicted). 

To investigate whether IL-9 signaUng on hematopoietic cells 
is iiTLportant for maintaining ILC2s in the lung, we transferred 
bone marrow from either WT or Il9r^'^ mice into irradiated 
CDASA'^Ragi^'^ mice, waited 6—8 wk for reconstitution, and 
infected them with N. brasiliensis. At day 12 after infection, IL-5— 
and IL-13— producing CD45.1 -negative donor ILC2s were re- 
duced in chimeras containing a hematopoietic compartment 
deficient for the IL-9R (Fig. 3, D and E). In contrast, the few 
radioresistant CD45.1^ ILC2s remaining from the host showed 
similar IL-5 and IL-13 production, regardless of the bone iTiar- 
row genotype. These data suggest that the maintenance of cyto- 
kine-producing ILC2s in the lung of N. brasiliensis— infected 
mice depends on their intrinsic ability to respond to IL-9. 

Rapid worm expulsion depends on IL-9R 
signaling on hematopoietic cells 

To determine the influence of IL-9R signaling on antihel- 
minth immunity in the gut, we assessed egg production and 
intestinal worm burden in WT and Il9r^'^ mice at different 
time points after N. hrasiliensis infection (Fig. 4, A and B). In- 
terestingly, we found increased fecal egg counts and worm 
numbers in the U9r^'^ mice at days 6— 9. The worm burden at 
day 3, in contrast, was similar between both groups, indicating 
that the lung passage of N. brasiliensis was unperturbed in 
I19r^'^ mice and similar numbers of worms reach the intes- 
tine. However, altered kinetics of worm release from the lung 
in the Il9r^'' mice as a possible reason for increased intestinal 
worm burdens at later time points cannot be excluded. Worm 
counts in the irradiated Ragl^'^ mice reconstituted with 
WT or Il9r^'^ bone marrow (Fig. 3, D and E) showed that 
the absence of IL-9R on hematopoietic cells was sufficient to 
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Figure 3. Cytokine production by ILC2s in the lung depends on IL-9R signaling. (A) Flow cytometry of total lung cells from N. brasiliensis- 
infected mice (day 12) restimulated with phorbol 12,13-dibutyrate and ionomycin for 2.5 h and stained intracellularly for IL-4, IL-5, and IL-13. Plots are 
gated for Th1.2+Lin" ILCs (left) and CD4+ T cells (right). Numbers indicate the percentage of cells in each quadrant. (B) Absolute number of IL-5-, IL-13-, 
and IL-4-positive ILC2s and CD4+T cells in WTand llSr'- mice at days 6-12 of the infection [n = 3-8 per group;*, P < 0.05;**, P < 0.005;***, P< 0.001). 
(C) Cytokine concentrations in the lungs of WT and Il9rl^ mice at days 6, 9, and 12 of the infection and in naive controls (Con; n = 3-7 per group; 
*, P < 0.05; **, P < 0.01 ; ***, P = 0.0006). Data in B and C are representative of at least two independent experiments with similar results. (D) Flow cytom- 
etry of total lung cells from N. brasiliensis-'mfected bone marrow chimera at day 12 restimulated with phorbol 12,13-dibutyrate and ionomycin for 2.5 h 
and stained intracellularly for IL-5 and IL-13. Plots are gated for Thy1.2+Lin" ILCs. Numbers in quadrants indicate percentage of cytokine-positive cells in 
the CD45.1" donor and CD45.1+ recipient ILC subset. (E) Absolute number of cytokine-positive CD45.1" donor ILCs in the lungs of the respective mice 
(***, P < 0.0001). Data represent two independent experiments with similar results [n = 4-6). Bars show mean values ± SEM. 



cause a delay in worm expulsion (Fig. 4 C).Thus, IL-9R sig- 
naling on hematopoietic cells is necessary for optimal antihel- 
minth immunity in the gut. 

IL-9 signaling affects lung tissue repair 
after N. brasiliensis infection 

Type 2 immune responses have been implicated in the acute 
wound healing process in the lung early after N. brasiliensis in- 
fection (day 4; Chen et al., 2012). To investigate the impact of 
IL-9R signaHng and ILC2s for initiation and repair of helminth- 
induced lung injury, we assessed lung damage parameters in 
WT and Il9r~'~ mice at different stages after N. bmsiliensis in- 
fection. The degree of acute lung hemorrhage and neutrophil 
infdtration was similar in WT and Il9r~'^ mice, as indicated 
by equal numbers of erythrocytes and neutrophils in the bron- 
choalveolar lavage fluid at day 2 of the infection (Fig. 5, A and B) . 
Although the resolution of major alveolar hemorrhage ap- 
peared to be normal in U9r^'^ mice (Fig. 5 A), we observed a 
strong increase in hemophagocytic macrophages, as an indicator 



for prolonged micro bleeding (Marsland et al., 2008), in the 
alveolar space oiIi9y^'^ mice at day 12 (Fig. 5, C and D). Ad- 
ditionally, the emphysenia-Uke tissue damage that is character- 
ized by bullae formation and destruction of the regular tissue 
structure and develops at later stages after N. brasiliensis infec- 
tion (Marsland et al., 2008) was dramatically increased in 
Il9r^'^ mice at days 12 and 24 after infection (Fig. 5, E and F). 
Most importantly, these histopathological dilferences translated 
to a functional reduction of the lung capacity at later stages 
after the infection, as demonstrated by a reduced baseline tidal 
volume in Il9r^'^ mice from day 12 onwards (Fig. 5 G). These 
data show that ILC2-derived IL-9 promotes damage repair 
and thereby ameliorates emphysema formation at chronic 
stages after helminth-induced lung injury. 

ILCs promote lung tissue repair in Ragl~^~ mice 
after N. brasiliensis infection 

As ILCs have been linked to epithelial regeneration in the 
lung after influenza infection (MonticeUi et al., 201 1), we wanted 
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Figure 4. Delayed worm expulsion in Il9r^~ mice. (A) Egg count in 
feces of WT and Il9r^^ mice at days 3-8 after N. brasiliensis infection 
[n = 5-6 per time point and group; *, P < 0.05). (B) Worm number in tine 
small intestine of WT and Il9r^^ mice at days 3, 9, and 12 after N. brasil- 
iensis infection (n = 4-9 per time point and group; ***, P < 0.0001 ; ND, 
not detected). (C) Worm number in tine small intestine of N. brasiliensis- 
infected bone marrow chimera at day 12 after infection (n = 7-10 per 
group; ***, P < 0.0007). Data represent two independent experiments with 
similar results. Bars show mean values ± SEM. 



to investigate whether a reduction of lung ILCs, as observed 
in the Il9r~^~ mice, can lead to impaired lung damage repair 
after N. brasiliensis infection. To address this question, we used 
an anti-Thyl.2 antibody to deplete ILCs in N. brasiliensis— 
infected Ragl~'~ mice. In these experiments, ILCs were 
identified by flow cytometry for lineage markers and IL-7R 
because the Thyl.2 staining was found to be unreliable in 
anti-Thyl.2 antibody— treated mice (Fig. 6 A). Anti-Thyl.2 
antibody treatment resulted in a ^50% reduction in ILC 
numbers at day 12 after N. brasiliensis infection (Fig. 6, A and B). 
In line with the hypothesis that ILC reduction leads to im- 
paired lung tissue restoration, we observed a significant in- 
crease in the emphysema-like lung damage in ILC-depleted 
Ragl^'^ mice as compared with the isotype-treated controls 
(Fig. 6 C). Thus, ILCs contribute to damage repair after 
helminth-induced lung injury. 

IL-9 signaling promotes eosinophil recruitment 
and alternative activation of macrophages 
after N. brasiliensis infection 

Eosinophil recruitment is a hallmark of type 2 responses in 
the lung, and IL-33— induced ILC2 expansion has been shown 
to contribute to lung eosinophilia in Strongyloides venezuelen- 
sis induced lung inflammation (Yasuda et al., 2012). Further- 
more, it has been shown recently that eosinophils promote 
tissue regeneration after muscle injury (Heredia et al., 2013). 
In hne with the reduced ILC2 numbers and IL-5 levels, we 
found significantly reduced eosinophil numbers (identified as 
CDllb+Ly6G-SiglecF+CDllc") in the lungs of Il9r-'- mice 
at days 6—12 after N. brasiliensis infection (Fig. 7, A and B). 
Because histological analysis at day 12 after infection suggested 
differences in the macrophage populations (Fig. 5, C and D), 



we also quantified alveolar and conventional macrophages 
in the lungs ofWT in Il9r^'^ mice after N. brasiliensis infec- 
tion (Fig. 7, A and C— E). Interestingly, we found increased 
numbers of CDllb*Ly6G^SiglecF^CDllc'" alveolar macro- 
phages at days 9 and 12 after N. brasiliensis infection (Fig. 7 C), 
probably representing the increase in heme-laden macro- 
phages observed in the Prussian blue staining.The total number 
of SiglecF^Ly6G~CDllb'"F4/80^ conventional macrophages, 
in contrast, was unaltered in Il9r^'^ mice at days 6—12 after 
N. brasiliensis infection (Fig. 7, D and E), as was the relation of 
Ly6C'" inflammatory monocytes to Ly6C'° resident macro- 
phages (Jenkins et al., 2011) at these time points (not de- 
picted). To address the potential influence of IL-9R signaling 
on the activation status of conventional macrophages, we 
sorted SiglecF^Ly6G^CDllb''T4/80^ macrophages from 
the lungs ofWT and Il9r^'^ mice and assessed expression of 
markers for alternative activation (Fig. 7 F). This analysis 
showed significantly reduced levels of Retnla (RELM-a) 
niRNA in macrophages from Il9r^'^ mice, whereas Argl 
(Arginase 1) and Chi3l3 (Ym-1) levels were also lower, but 
the reduction failed to reach statistical significance. Impor- 
tantly, the Il9r niRNA levels in lung macrophages were very 
low (close to the detection limit; not depicted), indicating 
that the effect of IL-9R deficiency on macrophage activation 
status is indirect, probably via the reduced IL-13 levels found 
in the lungs of Il9r^'^ mice. Next, we addressed the abun- 
dance and function of goblet cells and mast cells in Il9r~'~ 
mice by histological analysis and expression analysis of goblet 
cell— and mast cell— related transcripts in total lung RNA ex- 
tracts (Fig. 7, G—K). These analyses showed similar goblet cell 
hyperplasia and mast cell accumulation in WT and Il9r~'~ 
mice at days 12 and 9 (not depicted) and revealed only a 
modest reduction of the mucin MucSac and the mast cell 
protease Mcptl in Il9r^'^ mice that did not reach statistical 
significance (Fig. 7, G—K). Furthermore, the mRNA expres- 
sion of the matrix metaUoproteinases MMP12 and MMP13, 
which play a role in tissue remodeling, was induced similarly 
in WT and Il9r^'^ mice (Fig. 7 L). Collectively, these data 
indicate that IL-9 signaling, most likely by promoting ILC2 
accumulation and enhancing production of IL-5 and IL-13 
by ILC2s, can influence the function of eosinophils and alter- 
natively activated macrophages that contribute to damage re- 
pair mechanisms in the lung. 

Increased expression of ILC2-derived amphiregulin 
after N. brasiliensis infection depends on IL-9 signaling 

In addition to IL-9, IL-13, and IL-5, ILC2s produce the 
epidermal growth factor family member amphiregulin and 
thereby promote the regeneration of bronchiolar epithe- 
lium after influenza infection in Ragl^'^ mice (MonticeUi 
et al., 2011). To explore a potential role of ILC2-derived 
amphiregulin after N. brasiliensis— indnccA lung injury, we 
purified 7L9f-"eYFP+ lung ILC2s at day 12 after the infection 
and assessed amphiregulin mRNA expression by quantitative 
RT-PCR. Indeed, we found high expression of amphiregulin 
mRNA in these lung ILC2s, whereas amphiregulin expression 
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Figure 5. IL-9 is required for lung damage repair. 

(A and B) Number of erythrocytes (A) and neutrophils (B) 
in the bronchoalveolar lavage fluid (BALF) of WT and 
il9rl^ mice at days 2, 12, and 24 of N. brasiliensis infec- 
tion and in naive controls (Ctrl; n = 6-10 for experimental 
groups and n = 3-5 for controls). (C and D) Prussian blue 
staining for iron deposits in lung sections (C) and quanti- 
fication of Prussian blue-positive (= hemophagocytic) 
macrophages (D) in N. bras/Z/ens/s-infected WT and 
Il9r'- mice at day 1 2 (n = 7-8 per group; *, P = 0.04). 
(E and F) Masson's trichrome staining of lung sections (E) 
and histological quantification of the emphysema-like 
lung damage (F) in lungs of WT and Il9r'^ mice at days 1 2 
and 24 after the infection {n = 3-8 per group; *, P = 0.03; 
**, P = 0.007). Bars: (C) 25 pm; (E) 100 pm. (6) Tidal vol- 
ume of WT and Il9r^^ mice shortly before and at differ- 
ent time points after the infection with N. brasiliensis 
{n = 5-18 per group; *, P = 0.02; **, P = 0.005). Data rep- 
resent at least two independent experiments with similar 
results. Bars show mean values ± SEM. 
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in 7L5i»''eYFP+T cells isolated from the same IL9'^-"R26R''^^p 
reporter mice was significantly lower (Fig. 8 A). Compari- 
son of transcript levels between 7L5'*-"'eYFP* ILC2s and 
/L4-GFP+ Th2 cells from 7L4-GFP (4get) mice, as well as 
eosinophils and macrophages all sorted from the lung at day 
12 after infection showed the highest amphiregulin expres- 
sion in ILC2s (Fig. 8 A). Interestingly, the RT-PCR analy- 
sis of ILC2s, sorted from the lung at day 12 after infection, 
indicated that Il9r~'~ ILCs from infected mice expressed 
similar levels of amphiregulin niRNA as their WT counter- 
parts (Fig. 8 B). However, the reduction of ILC2 numbers 



in Il9r^'^ mice at day 12 after N. brasiliensis infection re- 
sulted in strongly reduced total amphiregulin niRNA levels 
in the lungs (Fig. 8 C). Thus, ILC2s appear to be the major 
source of amphiregulin in the infected lung and might use 
this mediator to promote tissue repair after N. brasiliensis— 
induced lung injury. 

IL-9 is dispensable for ILC proliferation 

One possible mechanism of how IL-9 might promote ILC2 
accumulation in the lung is by enhancing their prohferation 
in TV. bra5i7(e;MW— infected mice. We therefore assessed Ki67 
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Figure 6. ILCs promote lung tissue repair after N. brasiliensis 
infection. (A) Flow cytometry plots of lung cells from isotype and 
a-Th1.2-treated mice at day 12 after N. bras/V/ens/s infection gated on 
CD45+ lymphoid cells. Numbers represent the percentage of IL-7R+Lin" 
ILCs of total cells gated. (B) Absolute numbers of ILCs in the right lung of 
isotype and oi-Th1.2-treated mice 12 d after the infection {n = 6-10; 
***, P < 0.0001). (C) Histological quantification of the emphysema-like lung 
damage in lungs of isotype and a-Thl.2-treated mice at day 12 (n = 6-8 
per group; *, P = 0.03). Data represent two independent experiments with 
similar results. Bars show mean values ± SEM. 



expression in lung ILC2s, as a marker for cells that are in ac- 
tive phases of the cell cycle. As expected, the percentage of 
Ki67* ILC2s in the lungs of helminth-infected mice increased 
over time (Fig. 9, A and B), indicating an accumulation of 
activated cells. Comparison of the numbers of Ki67^ ILC2s in 
WT and Il9r~'^ mice at day 12 after infection demonstrated a 
reduction of KiGy*" ILC2s in the absence of IL-9R signaling 
(Fig. 9 C). However, the 5'-ethynyl-2'-deoxyuridine (EdU) 
incorporation rate analyzed 2 h after i.v. injection of the sub- 
stance, as a direct indicator of actual in situ proliferation, was 
similar in ILC2s from the lung and Thyl.2^Lin^ cells in the 
MDLNs and bone marrow of WT and Il9r^'^ mice at the 
peak of IL-9 expression (day 9; Fig. 9, D andE). Interestingly, 
Thyl.2+Lm- ILCs m the MDLNs, being ^50% GATA3+ 
ILC2s (Fig. 2 D), showed a much higher EdU incorporation 
rate than lung ILC2s irrespective of IL-9R expression (Fig. 9, 
D and E).This suggests that ILC2 expansion in the later phase 
of the infection might take place in the draining LNs, followed 
by recruitment of the cells to the target organ. Thyl.2^Lin^ 
cells in the bone marrow, which were ^80% GATA3^ ILC2/ 
ILC2 precursors (not depicted; Hoyler et al., 2012), showed a 
baseline proliferation rate that was not changed after 
JV. brasiliensis infection. These data indicate that prohferation 
of ILC2s in response to N. brasiliensis infection is not compro- 
mised by the lack of IL-9R signaling. 

IL-9 protects ILC2s from apoptosis 

To investigate a direct effect of IL-9 on ILC2s, we isolated 
ILC2s from the lungs of N. fora5!7!en5i5-infected mice at day 12 



after the infection and cultured them in the presence or ab- 
sence of IL-9. Supplementing the culture medium with IL-9 
resulted in strongly increased production of IL-5 and IL-13 in 
WT but not in /Wr-deficient ILC2s (Fig. 10 A). As we had 
previously hypothesized IL-9 might mediate biological func- 
tions by promoting the survival of a variety of cell types 
(Wilhelm et al., 2012), we investigated the possibility that 
enhanced cytokine expression by cultured ILC2s in the pres- 
ence of IL-9 could be a consequence of their increased IL-9— 
mediated survival. To address this issue, we assessed the 
amount of live cells in the ILC2 cultures by Annexin V and 
7-amino-actinomycin D (7AAD) staining. The highly ac- 
tivated ILC2 population isolated at the height of lung inflam- 
mation at day 12 showed a large proportion of apoptotic cells 
after 2 d of culture, indicating the strong predisposition of this 
cell population to undergo apoptosis. The presence of IL-9 in 
the culture medium, however, was able to rescue a significant 
proportion of ILC2s from apoptotic cell death (Fig. 10, B and C). 
Additionally, the addition of IL-9 resulted in an increased for- 
ward scatter profile of ILC2s, indicating an activated blast 
stage (Fig. 10 C). To assess the number of apoptotic cells in 
the lung in vivo, we stained tissue sections for expression of 
the apoptosis marker cleaved caspase-3. Indeed, N. brasiliensis— 
infected Il9r^'^ mice showed increased numbers of cleaved 
caspase-3— positive lymphoid cells in the lung infiltrates (Fig. 10, 
E and F). To further explore potential mechanisms of how 
IL-9 might protect ILC2s from apoptotic cell death in vivo, 
we purified ILC2s from the lungs of WT and Il9r^'^ mice at 
the peak of IL-9 expression (day 9) and assessed niRNA ex- 
pression of antiapoptotic proteins that have previously been 
hnked to IL-9— mediated survival in different cell types in vitro 
(Richard et al, 1999; Rebollo et al, 2000; Fontaine et al, 
2008). Whereas BCL2 and BCLXL expression were un- 
changed, we found a significant reduction of BCL3 expres- 
sion in Il9r~'~ ILCs (Fig. 10 G), a survival factor which has 
been shown to be directly regulated by IL-9 signaling 
(Richard et al., 1999). Expression of BCL2, which is induced 
by 7^ cytokines such as IL-7 and IL-2 (Deng and Podack, 
1993; von Freeden-Jeffry et al., 1997) was unaffected in line 
with unimpaired surface expression of IL-7R and CD25 on 
Il9r'^^^ ILC2s (Fig. 10 H). Collectively, these data suggest that 
IL-9 is an autocrine factor that promotes ILC2 survival by in- 
ducing the expression of the antiapoptotic protein BCL3, 
thereby maintaining their functional activity in vivo. 

DISCUSSION 

For many years IL-9 was considered to be a cytokine pro- 
duced by T cells and involved in Th2 responses. IL-9 acts on 
a wide spectrum of hematopoietic and nonhematopoietic cell 
types (Goswami and Kaplan, 2011); however, its exact func- 
tion remained elusive. Several publications provided evidence 
that in the context of type 2 responses, IL-9 promotes IL-5 
and IL-13 production (at that time attributed mainly to Th2 
cells) in the lung (Temann, Ray, and FlaveU, 2002) and gut- 
associated lymphoid tissue (Fallon et al., 2000). This suggested 
an indirect action of IL-9 via promotion of other cytokines. 
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Figure 7. IL-9 signaling promotes eosinophil recruitment and alternative activation of macrophages. (A and D) Flow cytometry plots of lung cells from 
WT and Il9r^^ mice at day 9 after N. brasiliensis infection gated on CD! 1 b+Ly6G" cells (A) and LyGG^SiglecF" cells (D). Numbers represent the percentage of 
SiglecF+CDl 1c" eosinophils (A), SiglecF+CDIlc*" alveolar macrophages (A), and conventional CDnb*"F4/80"^ macrophages/monocytes (D). (B, C, and E). Absolute 
numbers of eosinophils (B), alveolar macrophages (C), and macrophages/monocytes (E) at days 6-12 in the lung of WT and llSr^^ mice {n>3 per group; 
* P = 0.01 ; **, P = 0.003; ***, P < 0.004). (F) Quantitative RT-PCR analysis of mRNA transcripts in conventional lung macrophages, sorted by flow cytometry, from 
the lungs of WT and Il9r^^ mice at day 12 of A/. 5ras///ens/s infection (n = 5;**, P = 0.003). (G) Representative periodic acid-Schiff staining of lung sections in WT 
and Il9r^^ mice at day 12 of the infection. (H) Quantitative RT-PCR analysis of goblet cell-related transcripts in total lung RNA samples at day 12 after infection 
of WTand Il9r/^ mice and in naive controls (Con). (I and J) Representative immunohistochemical staining of lung sections for mast cell tryptase (I) and quantifi- 
cation of mast cell tryptase^ cells (J) in WT and Il9r^^ mice at day 1 2 of the infection. The inset shows granular mast cell tryptase staining at a higher magnifica- 
tion. Bars: (G) 100 pm; (I) 25 pm. (Kand L) Quantitative RT-PCR analysis of mRNA transcripts in total lung RNA samples at day 12 after infection of WTand Il9r'- 
mice and in naive controls (Con; H-L: n = 8-9 for day 12, n = 3 for controls). mRNA expression was normalized to Hprtl (encoding hypoxanthine guanine phos- 
phoribosyltransferase). Data represent at least two independent experiments with similar results. Bars show mean values ± SEM. 



Indeed, the spontaneous airway inflammation observed in 
mice with transgenic overexpression of IL-9 was found to be 
independent of IL-9R expression in nonhematopoietic cells 
(Steenwinckel et al., 2007), suggesting that the role of IL-9 
might be that of a regulatory cytokine rather than a direct ef- 
fector cytokine. This is further illustrated by the fact that the 
pulmonary phenotype of 119 transgenic mice is abolished if 
these mice are crossed to an IL- 13— deficient background 
(Steenwinckel et al., 2007; Temann et al., 2007). Strikingly, 
pulmonary inflammation and IL-13 production in 119 trans- 
genic mice were not abrogated, but in contrast even enhanced 



on aT cell— and B cell— deficient background (Temann et al., 
2007), strongly suggesting that an innate cell type and not 
Th2 cells is one of the major targets of IL-9. 

Recently, the generation of an IL-9 fate reporter mouse 
strain {IL9'''"R26R''''^'' mice) enabled us to identify ILC2s as 
potent producers of IL-9 in vivo in a model of papain-induced 
lung inflammation (Wilhelm et al., 2011). We could further 
show that IL-5 and IL-13 expression in ILC2s is regulated by 
IL-9, albeit the underlying mechanism and the functional im- 
portance of ILC2-derived IL-9 was not addressed (Wilhelm 
et al, 2011). 
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Figure 8. Expression of ILC2-derived amphiregulin depends on 
IL-9 signaling. (A) Quantitative RT-PCR analysis of amphiregulin [Areg] 
transcripts in ILS^'^sYfP* ILC2s, /i.9^'^eYFP+ CD4+ T cells, //.4-GFP+ Th2 
cells, eosinophils (Eos), and macrophages (MM) purified at day 12 of the 
infection from the lungs of IL9^'<^R26R^'"'^, 4get (lL4'^f'], and WT mice 
(n = 3-4 per group; **, P = 0.004; ND, not detected). (B and C) Quantita- 
tive RT-PCR analysis of amphiregulin [Areg] transcripts in sorted ILC2s 
[n = 4-5; B) and in total lung RNA samples (C) at days 9 and 12 after 
infection of WT and Il9r^^ mice and in naive controls (Con; n = 8-9 for 
day 12, n = 3 for controls; **, P = 0.004). Data are representative for two 
independent experiments. mRNA expression was normalized to Hprtl 
(encoding hypoxanthine guanine phosphoribosyltransferase). Bars show 
mean values ± SEM. 



Here we show, using a model o( N. hrasiliensis infection 
in mice, that IL-9 is an ILC2-derived cytokine that critically 
amplifies the function of IL-13— and IL-5— producing ILC2s 
by promoting their survival and activation in a positive auto- 
crine feedback loop. Furthermore, we show for the first time 
that a reduction of lung ILC2s in II9r^^^ mice leads to re- 
duced levels of IL-13, IL-5, and amphiregulin, reduced eosin- 
ophil recruitment, and altemative activation of macrophages and 
consequently to impaired lung tissue repair, even though the 
Th2 response in these mice is intact. 

In contrast to the IL-7R (Hoyler et al., 2012), expression 
of IL-9R was dispensable for maintenance of ILC2s in naive 
mice, indicating that IL-9 provides a survival signal only for 
activated ILC2s. Here we identify the antiapoptotic protein 
BCL3 as a potential mediator for IL-9— mediated protection 
of activated ILC2s from apoptosis. Interestingly, BCL3 has 
been described to depend directly on IL-9— mediated Jak/ 
STAT signaling but was not induced by IL-2 (Richard et al., 
1999). Furthermore, BCL3 has been shown to promote the 
survival of T cells in vitro (ReboUo et al., 2000; Bauer et al., 
2006). In contrast to BCL3, the expression of the antiapop- 
totic factor BCL2 that is induced by other 7^ receptor cytokines 
like IL-2 and IL-7 (Deng and Podack, 1993; von Freeden- 
Jeffry et al., 1997) was not changed in Il9r^'^ ILC2s, indicat- 
ing that IL-9 might use a survival pathway distinct from the 
other 7^ receptor cytokines in vivo. 

It has been postulated that the type 2 inmiune response 
induced by helminth infections, apart from being instrumen- 
tal in effective antihelminth immunity, is also required for the 
wound-heaHng process that is critical for Uniiting the extensive 
tissue damage that these multicellular pathogens often cause 
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Figure 9. IL-9 is dispensable for ILC proliferation. (A) Flow cytom- 
etry of intranuclear Ki67 expression in lung ILCs from uninfected WT 
control mice and mice at day 12 after N. brasiliensis infection. The num- 
ber represents the percentage of Ki67+ ILC2s at day 12. (B) Percentage 
of Ki67+ lung ILC2s at different time points (days 2-12) after N. brasil- 
iensis infection and in naive controls (Ctrl; n = 3-4 per time point; 
**, P = 0.004 vs. control). (C) Percentage of Ki67+ ILC2s in the lungs of 
WT and llSrl^ mice at day 12 of the infection [n = 5-7 per group; 
***, P = 0.0007). (D) Flow cytometric assessment of EdU incorporation by 
Lin"Thy1.2+ ILCs in the lung, MDLNs, and bone marrow of uninfected 
WT controls, infected WT, and infected lldr^^ mice at day 9, 2 h after i.v. 
injection of 1 mg EdU per mouse. Numbers represent EdU+ cells in the 
percentage of total ILCs. (E) Percentage of EdU+ (= proliferated within 2 h) 
ILCs in the lung, MDLNs, and bone marrow of the three groups (n = 4-5). 
Data in C-E represent two independent experiments with similar results. 
Bars show mean values + SEM. 



while migrating through the host (Allen and Maizels, 2011). 
In line with this, the absence of the IL-4Ra chain, abolishing 
both IL-4 and IL-13 signaling, in mice with N. brasiliensis 
infection greatly impaired the resolution of the acute lung 
hemorrhage caused by this parasite in an early stage (day 4) of 
the infection (Chen et al., 2012). However, the cell type re- 
sponsible for this early production of type 2 cytokines in re- 
sponse to the helminth infection was not identified in this 
study (Chen et al., 2012). 

Apart from the acute lung injury observed in N. brasilien- 
sis— infected mice, these mice develop chronic histopathologi- 
cal alterations of the lung tissue that resemble lung emphysema, 
a common end-stage of chronic obstructive pulmonary dis- 
ease in humans (Marsland et al., 2008). Although previous 
studies described an accumulation of ILC2s in the lungs of 
TV. brasiliensis— infected mice predominantly at later time 
points (after day 7; Price et al., 2010; Liang et al., 2012), the 
role of these cells in the chronic tissue remodeling process 
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Figure 1 0. IL-9 enhances cytokine produc- 
tion and survival of lung ILCs. (A) IL-13 and 
IL-5 protein concentration in tine culture super- 
natant of ILC2s, sorted by flow cytometry, from 
the lungs of WT and Il9r^^ mice at day 12 after 
N. brasiliensis infection and cultured for 2 d with 
or without IL-9 (50 ng/ml in all experiments; 
n = 3-4 per group; **, P < 0.0001). (B) Flow 
cytometry of lung ILC2s, sorted by flow cytom- 
etry, from infected WT mice (day 12) after 2 d of 
culture with and without IL-9. Numbers indicate 
the percentage of cells in each quadrant. 
(C) Percentage of live ILC2s (Annexin V"7AAD"] 
at day 2 of culture (n = 3-4 per group; 
***, P = 0.0003). (D) Flow cytometry for for- 
ward scatter (FSC) gated on live ILC2s after 2 d 
of culture with and without IL-9. (E and F) Im- 
munohistochemical staining of lung sections for 
cleaved caspase-3 (E) and quantification of 
cleaved caspase-3-positive lymphoid cells (F) in 
lungs of WTand Il9r^^ mice at day 12 after the 
infection (n = 7-8 per group; **, P = 0.005). 
Insets show caspase-3 staining at a higher mag- 
nification. Arrows indicate caspase-3-positive 
cells. Bar, 25 \im. Data represent at least two 
independent experiments with similar results. 
(G) Quantitative RT-PCR analysis of mRNA ex- 
pression of antiapoptotic proteins in ILC2s, 
sorted by flow cytometry, from the lungs of WT 
and Il9r'^ mice at day 9 of N. brasiliensis in- 
fection (n = 6; *, P = 0.04). Bars show mean 
values + SEM. (H) Flow cytometn/ for CD25 and 
IL-7R expression on ILC2s from the lungs of 
N. 6ras/7/ens/s-infected WTand !l9r^^ mice. 



after the acute wound closure has not been addressed so far. 
In hne with these studies, we observed a striking increase of 
ILC2s in the lung after day 6 of the infection compared 
with naive mice. 

The involvement of ILC2s in maintaining lung tissue integ- 
rity had so far only been addressed in mice lacking an adaptive 
inmiune system (MonticeUi et al., 2011). Therefore, the impor- 
tance of ILC2s for total cytokine production and tissue repair in 
comparison with Th2 cells in immunocompetent mice re- 
mained unknown. A detailed characterization of ILC popula- 
tions and T cell subsets in the lung and draining MDLNs of 
I19r^'^ mice infected with N. brasiliensis revealed an organ- 
and cell type— specific reduction of lung ILC2s caused by their 
impaired survival in the absence of IL-9R signaling. Using this 
model, we demonstrate that, even though the acute resolution of 
alveolar hemorrhage appeared unimpaired in Il9r~'~ mice, 
the absence of IL-9R signaling, most likely caused by the re- 
duction of the ILC2 population, resulted in increased emphy- 
sema formation and reduced lung function in the chronic stage 
after the infection. Furthermore, we show that treatment of 
Ragl^'^ mice with a depleting a-Thyl.2 antibody partially 
reduces ILC numbers in the lungs after N. brasiliensis infection 
and leads to an increase in emphysematous pathology, supporting 



an important role for ILCs in damage repair after helminth- 
induced lung inflanmiation. 

ILC2s produce IL-5, IL-9, IL-13, and potentially other 
mediators that may enhance damage repair by either direcdy 
acting on tissue-resident cells or by changing the abundance 
and/or activation status of other immune cells. We show here 
that, in line with reduced IL-5 and IL-13 levels, the absence 
of IL-9R signaling reduces eosinophil recruitment, increases 
the presence of alveolar macrophages, and impairs alternative 
activation of interstitial macrophages. As macrophages sorted 
from the lung did not express the IL-9R, this effect is likely 
to be mediated indirectly via the reduced IL-13. Both eosino- 
phils and macrophages have recently been shown to promote 
tissue repair (Chen et al., 2012; Heredia et al., 2013), and macro- 
phages are known to play an important role in emphysema- 
tous lung pathology after TV. brasiliensis infection (Heitmann 
et al., 2012). However, it is possible that the slight reduction 
in the number of IL-5^ CD4'*'T cells in Il9r^'^ animals con- 
tributes to the effect of IL-9R deficiency, reduced IL-5 levels, 
and eosinophil recruitment. 

As an important part of the type 2 response, goblets cells and 
mast cells are two other potential target cell populations of 
ILC2-produced mediators. However, goblet cell hyperplasia 
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and mast cell accumulation in the lung were only slightly re- 
duced in I19r~^~ mice in the late phase after N. brasiliensis— 
induced injury, arguing against a major role of IL-9/ILC2 for 
these cell types in this model. 

A previous study in mice lackingT and B cells (Monticelli 
et al., 2011) identified ILC2s as an important source of am- 
phireguhn, a member of the epidermal growth factor family 
which promotes regeneration of the bronchiolar epithelium 
after acute virus-induced epithelial cell death. Amphiregulin 
is also produced by mouse Th2 cells (Zaiss et al., 2006), so that 
the relative contribution of ILC2s compared withTh2 to the 
production of this mediator, as well as its functional impor- 
tance for lung repair in immunocompetent mice remained 
unknown. Here we show in mice with a largely uncompromised 
immune system that ILC2s are an important source of amphi- 
regulin in chronic lung inflammation and that, along with the 
reduction in ILC2s, the absence of IL-9R signaling prevents 
up-regulation of amphireguHn expression in the lung at later 
stages after helminth-induced lung injury. It is conceivable 
that ILC2s might use this mediator to promote tissue repair 
after N. bmsiliensis— induced lung injury. 

Interestingly, the deficiency in IL-4, IL-5, or IL-13 signal- 
ing alone appears to have no eflect on N. brasiliensis— induced 
emphysema formation in BALB/ c mice (Marsland et al., 2008). 
Although comparative studies of the regulation of emphysema 
formation between the C57BL/6 and BALB/c background 
are missing, the fact that we observe increased emphysema for- 
mation in I19r~^~ mice suggests that IL-9 is an important regu- 
lator in the process of chronic lung remodeHng by enhancing 
ILC2 survival. Moreover, IL-9 production by ILC2s has re- 
cendy been confirmed in human CD127"^CRTH2^ ILC2s 
(Mjosberg et al., 2012), underHning the importance of this cyto- 
kine for ILC2 function also in humans. 

The relevance of this autocrine feedback loop that pro- 
motes ILC2 accumulation in the tissue might He in a need to 
tightly control this potentially harmfiil cell population that can 
cause allergic airway inflammation if left unchecked. These 
highly activated ILC2s are prone to apoptotic cell death and 
might use the transient expression of IL-9 as a mechanism to 
prolong their survival and delay their clearance from the tissue. 

MATERIALS AND METHODS 

Mice. IL9^-''R26R'^''''' (Wilhelm et al., 2011), IWr^' (Steeiiwinckel et al., 
2007) and 4get {IL4^^-''''; Mohrs et al., 2005) mice on a C57BL/6 background, 
C57BL/6 WT niice, and C57BL/6 CD45.1+R£i^r and CD45.2^ Rag r^- 
mice were bred in the animal facility at the National Institute for Medical 
Research (NIMR) under specific pathogen— free conditions. AH genetically 
modified strains were backcrossed to C57BL/6 at the NIMR for 10 genera- 
tions. For bone marrow transplantation, CD45.1^ Ragl~^~ mice were suble- 
thally irradiated (8 Gray), injected i.v. with 4 x 10^ bone marrow cells from 
CD45.2"^ donors, and allowed to reconstitute for at least 6 wk. Adult (>6 wk) 
male and female mice with their respective age- and gender-matched control 
were used in all experiments. AH animal experiments were performed ac- 
cording to institutional (NIMR Animal Welfare and Ethical Review Panel) 
and the UK Home Office regulations (Project license 80/2506). 

N. brasiliensis infection. The N. bmsilicnsis life cycle (mouse adapted; pro- 
vided by R. Maizels, University of Edinburgh, Edinburgh, Scotland, UK) 
was maintained at the NIMR. Infective N. brasiliensis L3 stage larvae were 



isolated from fecal cultures by using a modified Baermann apparatus as de- 
scribed in detail elsewhere (Camberis et al., 2003). L3 larvae were washed 
four times in 15 ml PBS, counted, and injected subcutaneously in the neck 
(500 L3 larvae per mouse) under isoflurane anesthesia. 

Antibody treatment. For depletion of ILCs, Ragl~^~ mice were in- 
jected i.p. with 300 p-g anti-Thyl.2 antibody (clone 30H12; Bio X Cell) 
every other day, starting 1 d before the N. brasiliensis infection. Control 
mice received 300 |j.g isotype control (clone LTF-2; Bio X cell) at the same 
time points. 

Cell isolation. For isolation of lung cells, lungs were fmely minced, digested 
in IMDM (Sigma- Aldrich) with 0.4 mg/ml Liberase (Roche) for 45 min and 
meshed through a 70-pni cell strainer. LNs were meshed through a 70-[^m 
strainer. Bone marrow cells were flushed out from the femur and tibiae with 
a syringe and passed through a 70-|^m strainer. Small intestines were 
thoroughly rinsed with PBS, cut in 0.5— 1-cm pieces, and shaken at 200 rpni 
for 30 min in PBS containing 10% fetal calf serum, 1 niM Pyruvate, 20 jiM 
Hepes, 10 niM EDTA, 100 U/liter penicillin, 100 mg/ml streptomycin, 10 |ag/ml 
Polymyxin B, and 2 niM DTT to remove epithelial cells and intraepithe- 
lial lymphocytes. After digestion for 1 h at 37°C in IMDM (supplemented 
with 5% fetal calf serum, 2 mM L-glutamine, 50 nM P-mercapto-ethanol, 
100 U/liter penicillin, and 100 mg/ml streptomycin) with 1 mg/ml Col- 
lagenase (Roche) and 10 U/ml DNase I (Sigma-Aldrich) , gut tissue was 
meshed through a lOO-pm strainer. PercoU gradient centrifugation (37.5%) 
was used for further leukocyte purification from lung and small intestine cell 
suspensions. Aftei-ward, erythrocytes in lung and bone marrow preparations 
were lysed with ACK lysis buffer. Bronchoalveolar lavage was performed by 
flushing the lungs with 500 \x\ PBS via a tracheal cannula. 

Flow cytometry and cell sorting. To identify ILCs, isolated leukocytes 
were stained by using fluorochrome-coupled antibodies against CD45, 
Thyl.2, CD4, and a combination of lineage markers (Lin), including CD3, 
CD4, CD8, CDllb, CDllc, CD19, CD49b, TCR-|3, TCR-7, NKl.l, 
GR-1, and Terll9. For further characterization of ILC surface maker ex- 
pression, antibodies against CD25, IL-7Ra (CD127), IL-33R (T1/ST2), 
ICOS, cKit, and Sca-1 were used. For characterization of macrophages and 
eosinophils, antibodies against CDllb, Ly6G, Ly6C, SiglecF, and CDllc 
were used. For cell culture experiments and real-time PCR, ILCs were 
sorted by flow cytometry based on the expression of Thyl.2 in the absence 
of all lineage markers. CD4"'" T cells were sorted as CD4"^Thyl.2''"Lin"^ 
cells, eosinophils were sorted as CDllb"^Ly6G~SiglecF"'"CDllc~, and mac- 
rophages as Ly6G~SiglecF~CDllb"^F4/80'^Ly6C^°. Sorting purity was 
typically >95%. Cultured ILCs were stained with fluorochrome-coupled 
Annexin V in Annexin V~binding buffer according to the manufacturer's 
instruction (BioLegend), and dead cells were stained by addition of 7AAD 
(BioLegend). For intracellular cytokine staining, isolated leukocytes were 
restimulated with 0.5 |j,g/ml phorbol 12,13-dibutyrate and 0.5 )^g/ml ion- 
omycin in the presence of 1 )ag/nil brefeldin A for 2.5 h, fixed with 3.8% 
formalin, permeabilized with 0.1% IGEPAL CA-630 (Sigma-Aldrich), and 
stained with combinations of fluorochrome-coupled antibodies against 
IL-4, IL-5, IL-13, IL-17A, and IFN-7. Intranuclear staining, using an anti- 
body against Ki67, GATA3 (clone L50-823), and ROR-^t (clone B2D) 
was performed with the Transcription Factor Staining Buffer Set (eBiosci- 
ence) according to the manufacturer's instruction. All samples were ac- 
quired on a LSRII flow cytometer (BD) and analyzed with Flowjo software 
(Tree Star). 

EdU incorporation assay. EdU (1 mg per mouse) was injected i.v. 2 h 
before sacrificing the mice. Incorporation of EdU was assessed by using the 
Click-iT EdU Cell Proliferation Assay (Invitrogen) according to the manu- 
facturer's instruction. 

ILC culture. ILCs sorted by flow cytometry were cultured in IMDM 
supplemented with 5% fetal calf serum, 2 mM L-glutamine, 50 nM [3- 



2962 



IL-9 exerts damage control | Turner et al. 



Article 



mercapto-ethanol, 100 U/liter penicillin, and 100 mg/nil streptomycin at a 
concentration of 2 x 10^ per nil with or without 50 ng/nil IL-9 {R&D Sys- 
tems) for 2 d. 

Cytokine measurements. For cytokine measurements from lung ho- 
mogenates, lungs were finely minced, supplemented with proteinase in- 
hibitor (Complete; Roche) in 50 |j,l PBS, and spun over a 40-|j,m strainer, 
and the cell-free supernatant was collected. Cytokine concentrations in 
lung supernatants and in ILC culture supernatants were measured by using 
the bead-based cytokine detection assays FlowCytomix (eBioscience) or 
Cytometric Bead Array (BD) according to the manufacturers' instructions. 
Amphiregulin protein content of lung supernatants and ILC culture super- 
natants was measured by ELISA according to the manufacturer's instruc- 
tion (R&D Systems). 

Histology. After excision of the lungs, the left upper lobe was perfused with 
500 neutral-buffered formalin (10%) via the main bronchus. The tissue 
was then fixed overnight in neutral-buffered formalin, washed in 75% etha- 
nol, and embedded in paraffin. Lung sections were stained with Masson's 
trichronie, Prussian blue, and periodic acid— Schiff according to standard lab- 
oratory procedures. Iminunohisto chemistry was performed by using anti- 
bodies against mast cell tryptase (clone EPR847; Abeam) or cleaved caspase-3 
(clone Aspl75; Cell SignaHng Technology), followed by development of 
the tissue sections with the ZytoChem Plus (AP) Polymer kit (Zytomed) ac- 
cording to the manufacturer's instruction. Slides were scanned with aVS120- 
SL slide scanner (Olympus). Images were analyzed with the OlyVIA image 
viewer (Olympus) and IniageJ software (National Institutes of Health). 
Emphysema-like damage was quantified by measuring the lung area affected 
by bullae formation with destruction of the regular tissue architecture and 
expressed as a percentage of total lung area of the section. Prussian blue- 
positive macrophages and mast cell tryptase— positive cells were counted 
manually in an area of at least 2.5 mm^ and cleaved caspase-3— positive, non- 
epithelial, lymphoid cells were counted manually in an area of at least 10 mni'^ 
per lung section. Both were expressed as cell number per mm^. 

Lung function measurement. Baseline lung function parameters of con- 
scious mice were obtained with a Buxco FinePointe System for noninvasive 
airway measurement (Buxco Research Systems) according to the manufac- 
turer's instructions. 

Real-time PGR. RNA from sorted ILCs and CD4+ T cells was extracted 
by using the TRIzol Reagent (Life Technologies) and reversely transcribed 
with the Omniscript RT kit (QIAGEN) according to the manufacturers' 
instructions. TaqMan Gene Expression Assays in combination with the Uni- 
versal PCR Master Mix and the ABI-Prism 7900 system (all AppUed Biosys- 
tenis) were used for quantification of the housekeeping gene [Hprtl) and 
the genes of interest. Target gene quantification was normalized to Hprt l 
gene expression. 

Statistical analyses. The Student's t test was used for comparison between 
two groups. In case of three or more groups, one-way ANOVA was used, fol- 
lowed by a post hoc analysis with Bonferroni's test for multiple comparisons 
or Dunnett's test for comparison of all time points versus control. 
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